Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inheritable myocardial disorder associated with fibrofatty replacement of myocardium and ventricular arrhythmia. A subset of ARVC is categorized as Naxos disease, which is characterized by ARVC and a cutaneous disorder. A homozygous loss-of-function mutation of the Plakoglobin (Jup) gene, which encodes a major component of the desmosome and the adherens junction, had been identified in Naxos patients, although the underlying mechanism remained elusive. We generated Jup mutant mice by ablating Jup in cardiomyocytes. Jup mutant mice largely recapitulated the clinical manifestation of human ARVC: ventricular dilation and aneurysm, cardiac fibrosis, cardiac dysfunction and spontaneous ventricular arrhythmias. Ultra-structural analyses revealed that desmosomes were absent in Jup mutant myocardia, whereas adherens junctions and gap junctions were preserved. We found that ventricular arrhythmias were associated with progressive cardiomyopathy and fibrosis in Jup mutant hearts. Massive cell death contributed to the cardiomyocyte dropout in Jup mutant hearts. Despite the increase of b-catenin at adherens junctions in Jup mutant cardiomyoicytes, the Wnt/b-catenin-mediated signaling was not altered. Transforming growth factor-beta-mediated signaling was found significantly elevated in Jup mutant cardiomyocytes at the early stage of cardiomyopathy, suggesting an important pathogenic pathway for Jup-related ARVC. These findings have provided further insights for the pathogenesis of ARVC and potential therapeutic interventions.
INTRODUCTION
Arrhythmogenic right ventricular cardiomyopathy (ARVC), also referred to as arrhythmogenic right ventricular dysplasia (ARVD), is an inheritable myocardial disorder associated with fibrofatty replacement of myocardium, ventricular arrhythmia and sudden death. The typical form of ARVC predominantly hits the right ventricle (RV) at early stage and affects the left ventricle (LV) with disease progression, although the recent wide recognition of left and biventricular subtypes has broadened the definition of ARVC (1) . The incidence of ARVC has been reported to be 1/10 000 in the general population in the United States (2) . It also accounts for up to 10% of unexplained sudden cardiac deaths in individuals ,65 years old (3) . A subset of ARVC is categorized as Naxos disease, which is characterized by ARVC and a cutaneous disorder. In contrast to an autosomaldominant inheritance pattern as seen in most other ARVC patients, Naxos disease exhibits an autosomal-recessive pattern of inheritance (4) .
Mutations in multiple genes including Desmoplakin, Desmoglein 2, Desmocollin 2, Plakophilin 2, Plakoglobin (Jup, also called g-catenin), Ryanodine receptor 2, Laminin receptor 1 and transforming growth factor-beta 3 (TGFb3) have been identified in ARVC patients (2, 5, 6) . The heterogeneity of genetic mutations in ARVC patients underscores the complexity of the pathogenesis. Notably, many of these genetic mutations identified in ARVC * To whom correspondence should be addressed at: Herman B Wells Center for Pediatric Research. R4-302D, 1044 West Walnut, Indianapolis, IN 46202, USA. Tel: +1 3172748952; Fax: +1 3172789298; Email: wshou@iupui.edu patients are found in genes encoding desmosomal proteins. Moreover, patients with desmosome mutations have a worse prognosis (7) . Desmosomes, which are specialized cell -cell junction structures, help to maintain tissue integrity under high mechanical forces and thus are abundant in cardiac muscle, epithelial tissues, etc. The main components of desmosomes come from three superfamilies: desmosomal Cadherins (Desmogleins and Desmocollins), Armadillo proteins (Jup and Plakophilins) and Plakins (Desmoplakin and plectin) (8) . Desmosomes are formed by the association of these three protein families: desmosomal Cadherin is linked via its cytoplasmic tail to Jup, which binds to Desmoplakin, which in turn tethers intermediate filaments to the cell membrane. Recent cardiac-specific mutation mouse models of Desmoplakin and Desmoglein 2 have recapitulated the aspects of ARVC (9 -11) , supporting the crucial role of the desmosome in the pathogenesis of ARVC. A homozygous 2 bp deletion of the Jup gene has been identified in Naxos patients (12) . Interestingly, heterozygous Jup-deficient mice were reported to develop ARVClike phenotype by aging and training (13) . However, it remains elusive how this homozygous loss-of-function mutation results in ARVC.
In the current study, we have generated and characterized a cardiomyocyte-restricted Jup knockout mouse, which largely mimics clinical aspects of ARVC. We demonstrate that ventricular arrhythmias in this ARVC model are associated with progressive cardiomyopathy and compensatory fibrosis in Jup-related ARVC and that massive cell death plays a crucial role in the initiation of ARVC. We have also revealed that the elevated transforming growth factor-beta (TGFb) signaling is associated with the pathogenesis of Jup-related ARVC, but Wnt/b-catenin-mediated signaling is not.
RESULTS

Generation of cardiomyocyte-restricted Jup mutant mice
Jup was specifically deleted in cardiomyocytes by using Cre/ loxP technology. The targeting vector was constructed by introducing two loxP sites flanking exons 3 -5 of the mouse Jup gene (Fig. 1A) . The neomycin cassette was selectively removed by breeding to EIIa-Cre mice for generating straight floxed Jup mice. Southern blot confirmed the expected homologous recombination and germline transmission of the Jup floxed allele (Fig. 1B) . The floxed mice were genotyped by polymerase chain reaction (PCR) by using the primers flanking the region of the distal loxP site, which is downstream of exon 5. The PCR products for the wild-type (WT) allele and the floxed allele are 221 and 255 bp, respectively (Fig. 1C) . We used an aMHC-Cre transgenic line to ablate Jup in cardiomyocytes in the perinatal period before myocytes become fully differentiated (14, 15) . To achieve that, Jup f/f mice were intercrossed with Jup f/+ /aMHC-Cre mice to generate cardiac restrictive Jup knockout mice (Jup f/f /aMHC-Cre). Immunofluorescence staining demonstrated the specific loss of Jup expression in Jup f/f /aMHC-Cre cardiomyocytes (Fig. 1D) , which was further confirmed by western blot analysis (Fig. 1E) .
Cardiomyocyte-restricted ablation of Jup results in cardiomyopathy
The inter-cross of Jup f/f and Jup f/+ /aMHC-Cre was expected to give rise to 25% Jup f/f /aMHC-Cre (designated as Jup mutant) offspring. Note that we designate mice with genotypes of Jup f/f and Jup f/+ /aMHC-Cre as control (Ctl) in this study, as we did not observe cardiac abnormalities in any of these mice. For most experiments, the combination of Jup f/f and Jup f/+ /aMHC-Cre mice was used as controls; the genotypes of control mice with other genotypes were listed otherwise. Genotyping of 1-week-old pups revealed that 22% of pups were Jup mutant, which is not statistically different from the expected Mendelian percentage (Supplementary Material, Table S1 ), indicating the absence of embryonic or neonatal lethality. Indeed, newborn Jup mutant hearts appeared to be histologically normal (Supplementary Material, Fig. S1 ). Jup mutants died of sudden death starting at 1 month of age, with an average life-span of 4.6 months (Supplementary Material, Fig. S2 ). Morphological and histological analyses indicated that Jup mutant hearts (2-month-old) were overtly enlarged and dilated with regional dysplasia of ventricular walls and ventricular aneurysms ( Fig. 2A) , which are common and characteristic features of ARVC patients (16) . Jup mutant cardiomyocytes were markedly hypertrophic as evidenced by the increase of cardiomyocyte cross-sectional area and heart weight -body weight ratio (Fig. 2B) . Remarkable enlargement of the right atrium (RA) and dilation of the RV ( Fig. 2A) , together with severe liver congestion (Fig. 2C) , suggested the failure of right ventricular function in Jup mutants. The LV function of Jup mutant animals was also compromised as shown by echocardiographic analyses ( Fig. 2D ; Supplementary Material, Table S2 ). Cardiac fibrosis was noticeable in Jup mutant atria and ventricles by a bright appearance on the surface of the hearts ( Fig. 2A) . Trichrome staining further revealed severe fibrosis in Jup mutant hearts (Fig. 2E ). However, a portion of Jup mutant mice ( 30%) exhibited moderate fibrosis by 2 months. One of the other commonly seen clinical features in ARVC patients is adipose deposition (1, 9) , although a number of ARVC patients with Jup mutations do not display fat deposition (17) . In Jup mutant hearts, there was no evidence of any fat deposition in either the interstitial myocardial area or in fibrotic patches (Fig. 2F) .
Given the progressive nature of ARVC, the development of cardiomyopathy in Jup mutant mice was further evaluated at earlier stages. At postnatal day 12, Jup mutant hearts appeared to be histologically normal (Fig. 3A) . By postnatal day 18, cardiomyocyte dropout and fibrosis were noticeable in Jup mutant RVs (Fig. 3B) . By 1 month, heart enlargement, extensive cardiomyocyte dropout and fibrosis were evident in Jup mutants (Fig. 3C) . These data indicate a rapid and progressive development of cardiomyopathy in Jup mutants.
Cardiac arrhythmia and slow conductivity in Jup mutant mice
Given the cardiomyopathy and sudden death observed in Jup mutant mice, we speculated that normal electrophysiologic activities were disturbed in Jup mutant hearts. Interestingly, Human Molecular Genetics, 2011, Vol. 20, No. 23 at postnatal day 12 when no apparent histological alteration was found, electrocardiogram (ECG) recordings were normal in Jup mutant hearts ( Fig. 4A ; Supplementary Material, Table S3 ). By postnatal day 18 when cardiomyocyte dropout/fibrosis was mainly noticeable in Jup mutant RVs, ECG revealed a decreased QRS complex amplitude in Jup mutant hearts ( Fig. 4B ; Supplementary Material, Table S4 ). At 1 month of age when cardiomyopathy and fibrosis developed in both ventricles, complex electrophysiological abnormalities were detected in Jup mutant hearts: low amplitude of the QRS complex, prolonged PR interval and spontaneous non-sustained ventricular tachycardia (VT; Fig. 4C ; Supplementary Material, Table S5 ). By 2 months of age, in Jup mutants, the amplitude of the P-wave was significantly higher, the amplitude of the QRS complex was significantly lower, the PR interval was prolonged and frequent spontaneous ventricular ectopic beats (VEB) were observed ( Fig. 4D ; Supplementary Material, Table S6 ). All these electrophysiological activities in Jup mutant hearts were quite consistent with the corresponding histological findings at various stages (Figs 2 and 3) , suggesting that the abnormal electrophysiologic activities develop along with the histopathological progression. A prolonged PR interval often suggests atrioventricular conduction abnormalities. The measurement of the conduction velocity (CV) in Langendorffperfused hearts revealed that both CV max and CV min were significantly reduced in Jup mutants (Fig. 4E ). Besides spontaneous VT, another characteristic of ARVC is the inducibility of VT, which is also the leading cause of sudden death in ARVC patients (18) . Sustained monomorphic VTs (VT cycle length: 69 + 4 ms, VT duration: 61 + 16 s) were reproducibly induced by bust or programmed ventricular stimulation in six of the seven Jup mutant hearts, but in none of the five control hearts (Fig. 4F ). In two Jup mutant hearts, sustained VTs with different QRS morphologies were induced separately. Fragmented diastolic potentials (DPs) were noted in RV intracardiac bipolar electrograms during the VT in two Jup mutant hearts (Fig. 4F ). In one Jup mutant heart, a figure-of-eight reentry in the epicardial RV surface was observed during the sustained VT (Fig. 4G ).
Loss of desmosomes in Jup mutant hearts
There are three types of specialized cell -cell junctional structures localized to the intercalated discs (ICDs): desmosomes, adherens junctions and gap junctions. Jup is a component for both desmosomes and adherens junctions. Immunofluorescence staining of several specific junctional components was performed in 2-month-old heart sections. The staining of N-cadherin, a component for adherens junctions, exhibited a similar pattern in Jup mutant hearts and control hearts (Fig. 5A) . In contrast, the staining signal of Desmoglein 2, a Cadherin homolog in desmosomes and a Jup binding protein, was lost in Jup mutant ICDs (Fig. 5A) , indicating a potential disruption of desmosome structure. Staining of Connexin 43, a central protein component for gap junctions, was unaffected in the ICDs of Jup mutant cardiomyocytes (Fig. 5B) . Expectedly, the expression of Connexin 43 was lost in the scar area where extensive cardiomyocyte dropout occurred (Fig. 5B) . The western blot analyses revealed that Desmoglein 2 was greatly reduced in its abundance and was also downshifted in protein size (Fig. 5C ), suggesting that Desmoglein 2 is unstable and degraded when it loses its binding to Jup. The decrease in total levels of Connexin 43 and N-cadherin in Jup mutant hearts was consistent with the significant cardiomyocyte loss (Fig. 5B) , which was also evident by the reduction of total a-actinin, a specific sarcomeric-binding protein for cardiomyocytes. As an internal control, there was no noticeable difference in the total levels of a-catenin, a central cell -cell junctional protein for all types of cells which form adherens junctions, e.g. cardiomyocytes, endothelial cells, fibroblasts etc. To directly address the impact of Jup on cell -cell junctions, transmission electron microscopy (TEM) analyses were performed in 2-month-old hearts. Jup mutant sarcomeres appeared to be normal (Fig. 5D ). However, a significant number of mutant cardiomyocytes were surrounded by collagen deposits consistent with the histological findings (Figs 2 and 3) . Adherens junctions and gap junctions appeared to be normal in Jup mutant hearts (Fig. 5D ). In contrast, no typical desmosomes were identified after screening numerous sections (Fig. 5D ), in agreement with the loss of Desmoglein 2 localization to Jup mutant ICDs (Fig. 5A) .
Increase of b-catenin at ICDs without affecting Wnt/b-catenin signaling in Jup mutant hearts b-Catenin is a close homolog of Jup, both have multiple central armadillo repeats and are capable of forming cell adhesion complexes (adherens junctions) and mediating Wnt signaling (19) . It is also well known that Jup but not b-catenin is a structural component of desmosomes in normal physiological conditions (19, 20) . Furthermore, it has been suggested that disrupted Wnt/ b-catenin signaling plays a causal role in the pathogenesis of ARVC (9) . Therefore, it is of interest to know whether/how b-catenin and its mediated signaling is affected by the loss of Jup. Interestingly, we found that b-catenin was up-regulated in Jup mutant hearts (Fig. 6A) . Immunostaining revealed that b-catenin was present exclusively at the ICDs in both control and Jup mutant hearts, but not in the cytosol or nucleus (Fig. 6B) . The staining intensity of b-catenin in Jup mutant ICDs was much stronger than that in control ICDs (Fig. 6B) , consistent with the finding by western blot analysis (Fig. 6A ). The lack of nuclear b-catenin suggested that b-catenin signaling was not significantly altered in Jup mutant hearts. To further confirm this finding, we analyzed the expression levels of two known b-catenin down-stream targets, Cyclin D1 and c-Myc, and found similar levels between Jup mutant and control hearts (Fig. 6A) . Additionally, Cyclin D1 staining in cardiomyocytes did not display any noticeable difference between Jup mutant and control hearts (Fig. 6C) , apart from the observation that positive staining signals were very rare in these postnatal cardiomyocytes, which was consistent with a previous report (21) . Since Cyclin D1 and c-Myc are regulated by many other signal transduction pathways, a specific b-catenin signaling reporter mouse line-Fos-LacZ transgenic mouse (22)-was used to examine b-catenin transcriptional activities in vivo. The X-Gal staining was similar in Jup mutant and control hearts with no detectable signal in cardiomyocytes, in contrast to the distinct positive staining in vascular cells ( Fig. 6D) . There was no obvious positive X-Gal staining signal in fibrotic areas in Jup mutant hearts. (Fig. 6D) . Collectively, these data suggest that the enhanced expression of b-catenin in Jup mutant hearts primarily compensates for the loss of Jup in the constitution of adherens junction in the ICDs without altering overall b-catenin transcriptional activities in Jup mutant cardiomyocytes.
Increased cardiomyocyte death in Jup mutant hearts
We speculated that massive cardiomyocyte dropout in Jup mutant hearts resulted from cell death, which was likely triggered by the cell -cell dissociation following desmosome disruption. Indeed, we found extensive cardiomyocyte death in 18-day-old Jup mutant hearts evidenced by the TdT-mediated dUTP nick end labeling (TUNEL) assay (Fig. 7A) . We noted that cell death was usually confined to the areas proximal to fibrotic replacement areas. Since the TUNEL assay can detect both cell necrosis and apoptosis (23), next we determined whether Jup mutant cardiomyocytes underwent apoptosis or necrosis or both. Cleaved (active) Caspase-3 staining demonstrated enhanced apoptosis in Jup mutant cardiomyocytes (Fig. 7B) , which was further confirmed by the accumulation of cleaved poly ADP ribose polymerase (PARP), a substrate of active Caspase-3, in Jup mutant hearts (Fig. 7C) . One of the hallmarks of cell necrosis is the loss of membrane integrity, which does not occur in cell apoptosis. Deposition of C5b-9 (a component of complement membrane attack complex) on cell membrane leads to cell membrane lysis, and thus the membranous localization of C5b-9 is used as a specific indication for myocardial necrosis (24) . A typical way to test the sarcolemmal integrity in vivo is to inject mice with Evans Blue Dye (EBD), a large tracking molecule that can only enter into myocyte cytoplasm when the sarcolemma is disrupted (25) . Indeed, regional myocyte necrosis was evident in Jup mutant hearts as shown by positive signals of C5b-9 and EBD in Jup mutant ventricular myocytes ( Fig. 7D and E) . Myocardial calcification, an obligate consequence of cell necrosis, was also apparent in 2-month-old Jup mutant ventricles (Fig. 7F) . Following the massive cell death, inflammatory cells (e.g. neutrophils and macrophages) were observed to have infiltrated into the Jup mutant Fig. S3 ). In consistent, the expression of proinflammatory cytokines IL-1b and IL-6 were significantly increased in Jup mutant hearts. Interestingly, no apoptosis or necrosis was detected in 12-day-old Jup mutant hearts (data not shown). These findings were in agreement with the histological findings (Fig. 3) . As expected, we did not detect significant proliferation of cardiomyocytes in either 18-day-old Jup mutant or control hearts (Supplementary Material, Fig. S4 ).
Potential alteration of cell-death-related signaling in Jup mutant hearts
Next, we sought to investigate what potential signaling pathways were associated with the massive cell death observed in Jup mutant cardiomyocytes. First, we found that the cell death was triggered extrinsically rather than intrinsically through the mitochondrial path, since cleaved (active) Caspase 8, which is dedicated to the extrinsic pro-apoptotic pathway (26) , was elevated in Jup mutant hearts, whereas there was no overt difference in abundance of Bax or Nix (proteins engaged in intrinsic cell apoptosis and/or necrosis) (27) between Jup mutant and control hearts (Fig. 8A) . Next, we investigated what cell-death-related-signaling pathways were likely affected. Mitogen-activated protein kinase (MAPK) and C-Jun N-terminal kinase (JNK) have been known for their implication in cell-death-signaling transduction (28) . The contribution of TGFb signaling to cell death has also been well documented in addition to its critical role in eliciting fibrosis (29, 30) . We found that the activities of P38 MAPK and JNK were not different between 18-day-old Jup mutant and control hearts (Fig. 8A) . In contrast, phospho-Smad2 (P-Smad2) was increased in Jup mutant hearts, whereas phospho-Smad1/5/8 (P-Smad1/5/8), which reflects BMPmediated signaling (31) , was comparable between Jup mutant and control hearts. The up-regulation of TGFb signaling in Jup mutant hearts was further supported by the finding of enhanced expression of TGFBI (TGFb-induced) and Pai1 (Plasminogen activator inhibitor type 1) (Fig. 8B) , bona fide TGFb-signaling downstream effector molecules (32) . Phospho-Smad2 immunostaining further revealed the elevation of TGFb signaling in Jup mutant cardiomyocytes (Fig. 8C) . Interestingly, at postnatal day 12, when there were no discernible histological or electrophysiological abnormalities in Jup mutant hearts, there was no significant difference in phospho-Smad2 signal between Jup mutant and control cardiomyocytes (Fig. 8C) , suggesting that the altered TGFb signaling is closely associated with the pathological process, but not with Jup deficiency per se. There are three TGFb isoforms expressed in mammals, designated TGFb1, TGFb2 and TGFb3 (33) . Interestingly, we found that the expression of TGFb1 was significantly increased in Jup mutant hearts, but not TGFb2 or TGFb3 (Fig. 8D) . The immunostaining further confirmed the elevation of TGFb1 in Jup mutant cardiomyocytes (Fig. 8D) . It has been shown that mechanical stress agonists induce a strong TGFb-signaling response (34) . We believe that the disruption of desmosomes in Jup mutant myocardium generates significant mechanical stress in the myocardial wall, which triggers TGFb signaling. Indeed, both B-type natriuretic peptide (BNP) and atrial natriuretic peptide (ANP), well-known wall stress biomarkers, were significantly increased in 18-day-old Jup muant hearts (Fig. 8E) .
DISCUSSION
ARVC has been considered as a disease of the desmosome, since mutations in desmosome genes have been identified in a large percentage of ARVC patients (7) . Several mouse models harboring mutations in other desmosome proteins have recapitulated several aspects of ARVC (9 -11), strongly supporting the pathophysiological roles of desmosome disruption in ARVC patients. However, it has also been noted that different mutations in the same desmosome gene or in different desmosome genes have distinct clinical presentations, prognoses or inheritance patterns (35) . Naxos disease is associated with a homozygous 2 bp (2157T and 2158G) deletion, which causes a frame shift and premature termination of translation. The truncated Jup mutant protein (with incomplete armadillo repeats) fails to localize at the ICDs of Naxos patients (17) . Our current myocardial Jup conditional knockout mouse model largely mimics the cardiomyopathy and arrhythmias seen in Naxos disease: cardiac dysfunction, myocyte dropout, ventricular dilation and aneurysm, cardiac fibrosis and spontaneous ventricular arrhythmias. We noticed that there was a variability in those phenotypes, which was likely attributable to the mixed 129Sv/C57 background of mice and/or the variability of Cremediated homologous recombination efficiency. However, adipose tissue deposition was never found in Jup mutant mice, which is different from typical ARVC clinical presentation, although the presence and the degree of fat deposition or infiltration in ARVC patients vary greatly (17, 36) . Notably, fat infiltration into normal right ventricular myocardium naturally occurs in .50% of elderly people (37) . Thus, adipose replacement of the myocardium is not an obligate diagnostic criterion for ARVC (36) . The absence of fat deposition in mutant myocardium may also be attributable to species difference: a normal mouse heart does not have epicardial fat, whereas there is physiological sub-epicardial fat in a normal human heart (10). Ultra-structural analyses have revealed the absence of desmosome structure in Jup mutant ICDs, which is similar to the ultra-structural findings of desmosome disruption in ARVC patients with desmosome gene mutations (38) , supporting the pathophysiological role of desmosome disruption in ARVC.
In contrast to our findings, a recent report of cardiac-specific knockout of Jup using a cardiac inducible aMHC/MerCreMer transgenic line demonstrated much milder cardiac phenotypes in Jup cardiac-deficient mice: cardiomyopathy developed 5 months after the administration of tamoxifen (which was given at 6 -8 weeks of age), there was no spontaneous or induced cardiac arrhythmia, and .50% Jup cardiac-deficient mice survived 17 months after the administration of tamoxifen (39) . Ultra-structurally, desmosomes, although presented as atypical morphologies, were formed in tamoxifen-induced Jup-deficient hearts (39) . The discrepancy may largely be attributed to the lower genetic ablation efficiency by tamoxifen induction (in comparison to the rigorous endogenous aMHC-Cre activity) and/or ablation of Jup at late stages (administration of tamoxifen at 6 -8 weeks of age in contrast to the persistent aMHC-Cre activity during perinatal and postnatal periods). Nonetheless, it is more physiologically relevant to ablate Jup at early postnatal stages, given that ARVC predominantly affects the young.
Jup mutant mice showed a biventricular cardiomyopathy with an early and severe hit on the RV, which seemingly contradicts the term 'ARVC'. In fact, the LV is frequently affected in ARVC patients (40) . Recent studies also identified patients with left-sided arrhythmogenic ventricular cardiomyopathy with minimal or no involvement of the RV (41, 42) . All these clinical observations support a broad definition of 'arrhythmogenic cardiomyopathy' (1). Ventricular arrhythmia (especially VT) has been one of the crucial, though not exclusive, characteristics of ARVC patients. It is also highly associated with sudden death in ARVC patients (18) . Jup mutant mice developed spontaneous ventricular arrhythmia (including non-sustained VT) and slow conductivity with disease progression and also displayed VT after stimulation (Fig. 4) . Interestingly, Jup mutant mice did not acquire ventricular arrhythmia or slow conductivity at the early stage when the heart was structurally intact, indicating that ventricular arrhythmia arose from the compromised heart integrity, as opposed to a hypothesis that arrhythmogenecity and cardiomyopathy are separate entities (43) . Given the pivotal role of gap junctions in mediating electrical coupling between myocytes, it is plausible that their disruption would contribute to the arrhythmia and conduction abnormality seen in ARVC. Our data demonstrated that gap junctions and the immunoreactivity of Connexin 43 were normal in healthy Jup mutant myocardia. Similar findings were also observed in Desmoplakin and Desmoglein 2 mutant mice (10, 11) . As expected, Connexin 43 expression at the ICDs was completely lost in the myocyte dropout/fibrotic replacement region, which was consistent with our cardiac electrophysiological findings.
Besides being a structural component of desmosomes, Jup also participates in the constitution of another cell -cell junction-the adherens junction. Interestingly, Jup and b-catenin are interchangeable in adherens junctions, whereas Jup but not b-catenin is a building block for desmosomes in normal physiological conditions (19) . In Jup mutant hearts, we found that b-catenin was significantly increased in the ICDs (Fig. 6) . Ultra-structural analyses revealed the presence of intact adherens junctions in Jup mutant ICDs, albeit with the absence of desmosomes. These findings suggest that the increase of b-catenin compensates for the loss of Jup in adherens junction constitutions, but not in desmosomes. Interestingly, this b-catenin compensation at adherens junctions was also observed in Jup 2/2 skin (20) . Jup has also been postulated to play an inhibitory role in regulating canonical Wnt/ b-catenin-signaling transduction based on its high homology with b-catenin in protein sequence and on its sharing the same protein degradation machinery with b-catenin, although the existing studies are still quite controversial (19) . Recent mouse studies have suggested that the inhibition or up-regulation of Wnt/b-catenin signaling contributes to the pathogenesis of ARVC (9, 39) . However, we did not find any nuclear b-catenin or noticeable T-cell factor (TCF)/lymphoid enhancer factor activity in postnatal cardiomyocytes, or any difference in Wnt/b-catenin-signaling activities between Jup mutant and control cardiomyocytes at the early stage when myocyte death occurred. Interestingly, recent studies of postnatal cardiomyocyte-restricted ablation or stabilization of b-catenin did not demonstrate ARVC-like phenotype or any signs of massive cardiomyocyte death (44, 45) . Collectively, these findings do not support that Wnt/b-catenin signaling plays a pivotal causal role in the pathogenesis of Jup-related ARVC.
One prevailing hypothesis for the pathogenesis of ARVC is that the disruption or the absence of desmosomes renders cardiomyocytes incompetent of handling the high mechanical stresses (i.e. contracting forces and hemodynamic shearing forces), which ultimately leads to myocyte disassociation. The detached myocytes undergo cell death followed by inflammation and fibrosis. Indeed, accumulating evidence of myocyte death has been reported in ARVC patients at the early and symptomatic phases of the disease (1, 46) . Our Jup mutant mouse model recapitulated many of these pathological processes, favoring the idea that cell death triggered by desmosome disruption plays a crucial role in the pathogenesis of the disease.
TGFb signaling is complex and imposes on many fundamental developmental, physiological and pathological processes throughout different species. It has been well documented that TGFb signaling regulates myocyte cell death, including both apoptosis and necrosis, in addition to its paramount influences on cardiac fibrosis and hypertrophy (47, 48) . Interestingly, over-expression of TGFb1 in cardiomyocytes in mice is sufficient to induce cardiomyocyte cell death and cardiac fibrosis over time (49) . Moreover, the regulatory mutations in TGFb3 have been identified in ARVC patients and the mutations render up-regulation of TGFb3 promoter activity (6) . Consistent with all these existing experimental and clinical implications of TGFb signaling in the pathogenesis of cardiomyopathy, we found that TGFb signaling was up-regulated in Jup mutant cardiomyocytes. Our data also suggest that the enhanced TGFb activities in Jup mutant hearts appear to be triggered by the intensified myocardial wall stress due to the compromised cell -cell mechanical coupling upon the breakdown of the desmosome. However, given the heterogeneous genetics of ARVC, our current findings may not be transferable to other ARVCs with different genetic mutations. Further studies are needed to assess whether the enhancement of TGFb signaling contributes to the pathogenesis of other genetic forms of ARVC. Additionally, it is of interest to investigate how the inhibition of TGFb signaling hinders the progression of ARVC, which is currently under investigation.
In summary, Jup mutant mice largely recapitulate pathophysiological features of human ARVC. Our data demonstrate that myocyte death plays a key role in initiating Jup-related ARVC and that up-regulation of TGFb signaling is likely associated with the pathogenesis of Jup-related ARVC. Our study has provided mechanistic insights which may help to improve therapeutic interventions for ARVC.
MATERIALS AND METHODS
Generation of floxed Jup mice
A Jup genomic clone was screened from a mouse 129SvEv genomic BAC library (RPCI-22 129 mouse library from BAC/PAC Resources, Children's Hospital Oakland) using a Jup probe. The targeting vector contained two loxP sites, which flanked the neomycin selection cassette (Fig. 1A) . A fragment including part of Jup introns 2 -6 with the third loxP site inserted into intron 5 was engineered downstream of the neomycin selection cassette. Linearized targeting vector (25 mg) was electroporated into 129Sv embryonic stem (ES) cells. G418 and gancyclovir resistant clones were analyzed by Southern blot. The correct targeted ES cell lines were expanded and injected into blastocysts. PCR analyses were performed to confirm the inclusion of distal loxP site before blastocyst injection. Male chimeras were bred to C57BL/6J females to generate F1 offspring. The Jup floxed mice were maintained in a mixed 129Sv-C57BL/6J genetic background. The floxed mice were genotyped by PCR using the following primers: JupF, 5
′ -AAAGCCTACAGCAGC ATCGT-3 ′ ; JupR, 5 ′ -CCCCTTCCCTCTTTTCATCT-3 ′ . The neomycin cassette was selectively removed by breeding to EIIa-Cre mice (50) . Southern blot and PCR confirmed the expected homologous recombination event and germ-line transmission of the targeted allele (Fig. 1B and C) .
All protocols involving the use of animals were in compliance with the National Institutes of Health's and the Indiana University Laboratory Animals Research Committee's Guide for the Care and Use of Laboratory Animals. EIIa transgenic Cre mice, aMHC transgenic Cre mice, and Fos-lacZ transgenic Cre mice were purchased from The Jackson laboratory.
Southern blot
After digestion with NsiI, the DNA fragments were separated by electrophoresis in 0.7% agarose gels and transferred to Hybond-N+ membranes. 32 P-labeled probes were made using the multiprime-labeling system (Amersham). The labeling DNA template (size: 360 bp) was generated by PCR using one pair of primers: forward, 5
′ -CACACCGGAGCTCATT AACA-3 ′ ; reverse, 5 ′ -CCTTCAAAACTACTTCCTCACC AT-3 ′ . Hybridizations were carried out at 608C overnight in hybridization buffer.
Quantitative RT -PCR
Total RNA was extracted from hearts using Trizol reagent (Invitrogen). SYBR green qRT-PCR analyses were performed using Roche LightCycler 480. Primers are listed in Supplementary Material, Table S7 .
Immunoblot analysis
Hearts were lysed with radioimmunoprecipitation assay buffer. Proteins were resolved in 4 -12% Bis -Tris gels and subsequently transferred and immunoblotted. Antibodies used were: polyclonal antibody (pAb) against Jup, NCadherin, Bcl-2, Bax, Smad1, Smad2 (Santa Cruz Biotechnology); mAb against a-catenin (Santa Cruz Biotechnology); pAb against b-Catenin, phospho-JNK (Thr183/Tyr185), total-JNK, phosphor-P38MAPK, P38MAPK, phosphorSmad1 (ser463/465), Caspase-8, cleaved Caspase-3 and PARP (Cell Signaling Technology); pAb against phosphor-Smad2 (Ser465/467) (Millipore); mAb again Rac1 (Upstate); mAb against sarcomeric a-actinin (Sigma). pAb against Nix (Abcam). mAb against Desmoglein 1+2 (Progen).
Immunostaining
For immunofluorescence staining, fluorophore-conjugated wheat germ agglutinin (WGA) and Alexa Fluor secondary antibodies were purchased from Molecular Probes. Nuclei were stained with 4 ′ ,6-diamidino-2-phenylindole (DAPI). Immunohistochemical (IHC) stainings were performed using Vectastain ABC kits (Vector Labs) and counterstained by hematoxylin. Slides were treated for epitope retrieval prior to IHC stainings. Photomicrographs were acquired with a Leica microscope using a single photographing condition for the same set of sections for each staining. Antibodies: Gr-1 and F4/80 (BD pharmingen), Ki67 and CyclinD 1 (Vector labs) and TGFb1 (Santa Cruz Biotechnology).
Masson's trichrome staining, Sirius red-fast green staining and Yasue staining
The stainings were carried out as described previously (51) .
TUNEL assay
TUNEL assays were performed on paraffin sections by using the Apoptag kit (Chemicon, Temecula, CA, USA). The assays were conducted according to the protocol recommended by the manufacturer. The cell death signal displays green fluorescence as the antibody is conjugated with fluorescein isothiocyanate (FITC). Percentage of positively stained cardiomyocytes was quantified by counting of FITC-stained cardiomyocytes out of total DAPI-stained cardiomyocytes in each photograph. On average, eight photographs were randomly taken for each sample.
EBD injection
EBD injection was performed as previously described (25) . Briefly, 18-day-old mice were injected intraperitoneally with EBD (0.5 mg EBD/0.1 ml phosphate buffered saline (PBS)/ 10 g body weight). Injected mice were returned to their cages with food and water ad libitum. After 24 h, mice were sacrificed and hearts were harvested for cryosections. EBD displays red auto-fluorescence under a fluorescence microscope.
Echocardiographic analyses
Transthoracic echocardiograms were performed on mice under 1.5-2% isoflurane anesthesia as described previously (52) .
Electrophysiologic and optical mapping study
Surface ECG recording was performed as previously described (53) . Mice were anesthetized with 4% isoflurane before placing the electrodes and the anesthesia was maintained with 2% isoflurane through a nose cone. The isolated hearts were perfused using a Langendorf perfusion system with 378C Tyrode's solution. The heart was immersed in a water-jacketed bath and maintained at 378C. A global ECG was recorded through bath solution. A 2Fr octapolar electrode catheter with 0.5 mm interelectrode distance (NuMed Inc., Hopkinton, NY, USA) was used to record intracardiac bipolar electrograms from the RA and RV and also used for pacing (RV apex, output: twice diastolic threshold). Burst ventricular pacing (up to the minimal pacing cycle length with 1:1 capture) or ventricular extrastimuli (S1: 10 beats, two different cycle lengths; S2-S4 with progressively decreasing coupling intervals) was performed to determine the inducibility of VTs.
Optical mapping study was carried out as described previously (53) .
Transmission electron microscopy
Heart samples were fixed in modified Karnovskv's buffer (2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer) at 48C overnight. On the next day, the specimens were post-fixed in 1% osmium tetroxide in PBS for 1 h at room temperature. Then the samples were further dehydrated by a series of graded ethanol and embedded for sectioning. Digital pictures were taken with a Tecnai G212 Bio Twin TEM microscope (Hillsboro, OR, USA), equipped with an AMT CCD Camera (Danvers, MA, USA).
Statistical analysis
Results were expressed as mean + SEM for parametric data. Student's t-test was performed for comparison between the two groups of parametric data. x 2 -test was applied for the analysis of ratios of different genotypes versus theoretical Mendelian ratios. P-values of ,0.05 were considered significant.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
